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GLOSSARY
Composite materials–A composite material is a material made from two or more
constituent materials with significantly different physical or chemical properties
that, when combined, produce a material that characteristics different from the
individual components. (Composite Materials, 2017)
Metal Matrix Composites–A metal matrix composite is a composite material with at least
two constituent parts, one being a metal necessarily, the other material may be a
different metal or another material, such as a ceramic or organic compound. (Metal
Matrix Materials, 2017)
Formation–The formation investigated in this research is mainly about the average size
and the morphologies of TiB2 particles.
Distribution–The clusters of diboride particles are observed along the boundaries of α-Al
grains, while a small amount of block-like Al3Ti particles are existing in the
centers of the α-Al grains, which is in agreement with the typical dispersion of
diboride and Al3Ti particles in an aluminum matrix(Jones & Pearson, 1976). The
distribution this research trying to investigate is mainly about how those TiB2
particles are dispersing along the α-Al grain boundaries.

xiii

ABSTRACT

Author: Huang, Dan. M.S.
Institution: Purdue University
Degree Received: May 2018
Title: The Effect of Sc on the Formation and Distribution of In-situ TiB2 Particles in an
Aluminum Matrix
Major Professor: Xiaoming Wang
My research question is the effects of scandium on the formation and distribution of
in-situ TiB2 particles in an aluminum matrix. In-situ TiB2 particles have been proven to be
effective grain refiners in an aluminum matrix. On the other hand, scandium is getting
more and more attention due to the high strength and low density of Al-Sc alloys, which
have been applied in many areas. My research is to investigate the effect of the addition of
scandium on the in-situ TiB2 particles in an aluminum matrix through a series of
metal-salt reactions followed by a detailed microstructure analysis. TiB2 particles were
formed by an in-situ method in an aluminum matrix via chemical reactions between an
aluminum melt and the mixture of K2TiF6 and KBF4 salts. The investigation of Sc
addition on the formation of the TiB2 particles revealed different coarsening mechanisms
depending on the participation of Sc at different stages during the formation of the TiB2
particles. The presence of Sc in the metal-salt reactions resulted in an overall layered
boride phases along the α-Al grain boundaries, while the addition of Sc after the
metal-salt reactions broke up the boride layers improving the dispersion of the TiB2
particles. Scandium promoted the nucleation and growth of the TiB2 particles, resulting in
the coarsening of TiB2 particles. The participation of Sc in the formation of the TiB2
particles altered the coarsening of the TiB2 particles, resulting in different morphologies
of the TiB2 particles. The effect of holding time will also be covered in this research by
applying two different holding times during the metal-salt reaction.
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CHAPTER 1. INTRODUCTION
This is the first part of my thesis, which provides an overview of my research
study. This chapter presents a solid background of my research question, including the
significance, assumptions, limitations, and delimitations of my research study.

1.1 Background
Material science has been a popular research area for quite a long time. High
requirements for the properties of materials have been brought up due to the significant
discovery in technologies and science. In aerospace, electronics, automobiles,
biomedicine, and other advanced industries, the eagerness for high-performing materials
is even stronger (Ramakrishna, Mayer, Wintermantel, & Leong, 2001). Composite
materials are designed to meet such a challenge. Aluminum metal is chosen as an ideal
matrix due to its high mechanical performances and the abundant resources in
nature(Wang, Brydson, Jha, & Ellis, 1999). Among different reinforcement particles,
TiB2 particulate has attracted a lot of attention due to its high strength, hardness, and
strong covalent bonding with aluminum matrix (Arnberg, Bäckerud, & Klang, 1982a).
On the other hand, research has been conducted to investigate the strengthening
mechanism in aluminum-scandium alloys. Research found that Al3Sc phase in the
alloying process can play a role of precipitation hardening and aluminum grain refiner
(Røyset & Ryum, 2005), which is a part of the reasons that Al-Sc alloys can have high
strength over Al-Mg, Al-Li and other recent alloys(Ahmad, 2003). Therefore, it is
promising to make the whole aluminum composite materials stronger by combining TiB2
particles and Al3Sc within an aluminum matrix.

1.2 Scope
There are different kinds of materials categorized by their different composition,
function, performance, and so on. The material that is going to be studied in this research

2

Figure 1.1. The importance of composite material in airplane industry (The application of
composites, 2016)

is composite material. Composite materials are materials that combine at least two
different kinds of materials. Specifically, the composite material in this research is
combining an aluminum matrix, TiB2 particles that are produced by reactions of
aluminum melt, and with or without Al-Sc master alloys. As reported (Arnberg et al.,
1982b) (Fjellstedt, Jarfors, & Svendsen, 1999), TiB2 particles can be formed by in-situ
reaction, which is a reaction between an aluminum melt and a salt blend containing
K2TiF6 and KBF4(metal-salt reaction). TiB2 particles are the key to enhancing the
mechanical properties of this composite material. What I am doing in this study is moving
one step forward by adding Sc. Scandium was added into the compositing process in
order to find out the influence of the participant of Sc on the formation and distribution of
TiB2 particles in an aluminum matrix. Scandium is chosen because of its special ability in
grain refining and strengthening when it is reacting with an aluminum matrix (Røyset &
Ryum, 2005). The priority is given to the effects of the different stages of the scandium’s
participation in the formation and distribution of TiB2 particles in an aluminum matrix.
The addition of Sc was made both before and after the metal-salt chemical reaction.
Microstructure analysis was performed for this research to accomplish the observation of
influence of the addition of scandium on the TiB2 particulates in an aluminum matrix.
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1.3 Research Question
This research contributes answers for following questions:
1. Can the addition of scandium change the size of in-situ TiB2 particles in an
aluminum matrix? Is there any difference when the addition of Sc was made in
different stages of the metal-salt reaction?
2. Can the addition of scandium change the distribution of in-situ TiB2 particles in an
aluminum matrix? Is there any difference when the addition of Sc was made in
different stages of the metal-salt reaction?

1.4 Significance
At first, information on the effects of scandium addition on the formation and
distribution of the in-situ TiB2 particles in an aluminum matrix is lacking. Upon finishing
this research, this knowledge gap can be closed.
In addition, if the addition of Sc turns out to modify the TiB2 particles and
improve the mechanical properties of the composites, the new composites can be applied
for, for example, additive manufacturing. Additive manufacturing is an advanced
manufacturing process, especially useful when making components that are hard to
produce by traditional subtractive manufacturing processes (Frazier, 2014). For instance,
the components of an engine are hard to fabricate when building an airplane because of
the high precision demands. Those traditional manufacturing processes (e.g. casting)
cannot accomplish such a sophisticated job. Therefore, additive manufacturing is more
suitable for such a high-demand task. If the product in this research can be applied into
additive manufacturing processes, it is promises to fabricate high-performance tools of
public transportation in the short-term future. In addition, other areas, including
aerospace, and automobile industries , can benefit from the application of
higher-performance Al − TiB2 composite materials.
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1.5 Assumptions
The assumptions for this study were:
• There are no other elements (except scandium) that could affect the formation and
distribution of in-situ TiB2 particles in an aluminum matrix in this study.
• The samples prepared in this research are precisely made according to the sample
preparation and experimental procedures.
• The SEM (Scanning Electron Microscopy) equipment is working correctly when
conducting microstructure observation.

1.6 Limitations
The limitations for this study were:
• This study was limited to the limit of the magnification of the SEM equipment.
• This study was limited to the effects of the variance of the experimental
environment (e.g. temperature, humidity, etc.), which might lead to errors in
experimental parameters.

1.7 Delimitations
The delimitations for this study were:
• This study only focused on the effects of scandium on the formation and distribution
of in-situ TiB2 particles in an aluminum matrix. Other elements were not
considered.
• This study only focused on the microstructure analysis of the samples. Other
approaches of property analysis were not covered.

5
1.8 Summary
This chapter has provided an overview of the background information of this
research, including the introduction, scope, significance, assumptions, limitations, and
delimitations. The next chapter will cover the literature review conducted for this research.
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CHAPTER 2. REVIEW OF LITERATURE

2.1 Introduction
This chapter provides a review of the literature that is relevant to the research
problem of the aluminum matrix composites reinforced by in-situ TiB2 particles.
The purpose of this research is to investigate the effects of the different stages of
the addition of Sc on the formation and distribution of in-situ TiB2 particles in an
aluminum matrix. To strengthen aluminum alloys further, the combination of Al − TiB2
composites and Al-Sc alloys is a promising and feasible solution. In Al − TiB2 composite
materials, TiB2 particles exist also as a grain-refining agent. Upon the different stages of
the participant of scandium, the formation and distribution of TiB2 particles might be
different as well, which would impact the strength of the composite materials.
During the experiments, the different adding sequences of Al-Sc alloys are
designed to compare and then get the conclusions about the influence of the different
stages of the participant of scandium in the metal-salt reaction on in-situ TiB2 particles.
The microstructure of the composite materials was obtained as the main results, which is
accomplished using the Scanning Electron Microscope (SEM). The way that TiB2
particles are formed and dispersed is the priority during the microstructure observation. If
the addition of scandium turns out to modify the TiB2 particles in a good way and improve
the mechanical properties of the composite materials, this new composite material can be
applied to additive manufacturing, which is an advanced manufacturing process when
producing components that are hard to be manufactured by traditional processes (Frazier,
2014).
This literature review basically covered studies that have been carried out mainly
about Al − TiB2 composite materials and Al-Sc alloys. Details about the in-situ metal-salt
chemical reaction during the formation of TiB2 particles will also be covered. The
extraordinary advantages for conducting an in-situ process to fabricate the Al − TiB2
composite materials is going to be discussed in the following part as well as how to
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conduct in-situ fabrication. The superiorities of TiB2 particulates when strengthening the
aluminum matrix will be presented by referring to the literature. An overall review of the
effects of the addition of scandium on the aluminum alloys will be covered in this chapter.

2.2 Al − TiB2 Metal Matrix Composites (MMCs)
Due to the rapid advancing of science and technologies, the demand for higher
properties of materials is getting more and more urgent. This phenomenon is even more
prominent in aerospace, electrical, medical, and automobile industries. Materials with
lighter mass and higher strength are desired in aerospace domains, which means the
specific strength and stiffness of the materials should be improved. For instance, when
producing electronic components, it is popular that the integration level is higher and the
size of the chips is getting smaller while the power of the whole system is higher than
ever. This means the heat dissipation would be the key to develop the integrated circuit.
Therefore, high thermal stability, thermal conductivity, and low coefficient of thermal
expansion are essential in overcoming these bottlenecks in different areas. As time passed
by, conventional materials have reached their potential limits. To solve this dilemma, the
full potential and superiorities of different materials were discovered by combining them
together as composite materials. A wide variety of composite materials were designed to
meet different performance requirements.
The definition of composite materials is combining at least two kinds of different
materials by using physical or chemical methods for better properties. These materials
should have different properties and be capable of combination. Moreover, these materials
should be designable, which means there should be interfaces existing among different
components. As results, composites that contain all the advantages of all components are
produced. Therefore, composite materials can be an ideal candidate to satisfy the different
requirements in plenty of applications. There are a wide range of composite materials.
When we divide them by matrix materials, we have metal matrix composites, polymer
matrix composites, ceramic matrix composites, etc. Composite materials with different
matrices demonstrate various physical and chemical properties which could be applied in

8
different areas. The emphasis of this research is on metal matrix composites. Metal matrix
composites are using metals as matrix and combining the matrix with other fiber or
particulates as the reinforcements.
One of the most popular metal matrix composites that has been researched a lot is
aluminum metal matrix composites. A study concluded that aluminum alloys are getting
more and more attention due to its high elastic modulus (Kumar, Gautam, Gautam,
Mohan, & Mohan, 2016), low density, good thermal conductivity, and electrical
conductivity. Combined with high performances of aluminum, we could obtain better and
more desirable composite materials for different application. In fact, aluminum based
particulate reinforced metal matrix composites now play a significant role in aerospace,
chemical, automobile, medical, and transportation industries.

Figure 2.1. TiB2 crystal of hexagonal morphology (Arnberg et al., 1982b)
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With all different kinds of reinforced particulates that can be considered for
aluminum-based metal matrix composites, ceramic particles are getting more and more
attention from materials researchers. There are many different categories for ceramic
particles. Oxides used for reinforcement are Al2O3 and ZrO2. Borides include TiB2 and
ZrB2. Carbides which are often used as reinforcements are B4C, SiC, TiC and so on
(Tjong, Wang, et al., 2005). Research has been carried out to figure out the influence of
those ceramic particles on the properties of the composites. Some of the reinforcements
cannot change the density of aluminum but can increase the specific modulus of the
aluminum matrix metal composites (Yue, Lu, & Lai, 1999).
However, researchers found that titanium diboride particles can show many
superiorities compared to others. The high thermal stability and hardness can be very
attractive when structural composites are needed(Yue et al., 1999). Moreover, once
titanium diboride particles are formed within the aluminum matrix, they do not react with
the matrix, which can prohibit some brittle and fragile products from forming among the
interfaces (Wang et al., 2015). Therefore, titanium diboride particles have been the focus
of the research for aluminum matrix metal composites.

2.3 Fabrication Processes of Al − TiB2 MMCs
The overall performance of metal matrix composites (MMCs) has been improved
a lot by the addition of reinforcement particles. That is resulted by the properties of the
reinforcements and the fabrication technologies that are used when combining the matrix
with the reinforcement. Inappropriate fabrication methods can weaken the superiorities of
particles reinforced composite materials.
There are many methods that we can choose to fabricate aluminum-titanium
diboride composites. TiB2 particles can be introduced into an aluminum matrix as
pre-formed (ex-situ) or formed in-situ in the matrix. Due to the ability of eliminating
possible oxygen contamination, producing a clean TiB2/Al interface and strong TiB2/Al
bonding, in-situ fabrication is more popular and acceptable for industries (Jones &
Pearson, 1976) (Wang et al., 1999). In-situ reaction means combining the reinforcing
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particles with the matrix directly when fabricating (Ramesh, Ahamed, Channabasappa, &
Keshavamurthy, 2010). On the contrary, the ex-situ fabrication is related to synthesis of
the reinforced phases separately and then they are introduced into the matrix by a
secondary process.
The formation and distribution of TiB2 particles would be quite different when
diverse fabrication methods are used. Some of the fabrication methods can produce TiB2
particles that exist in the form of large agglomeration and non-uniform distribution.
Moreover, the bonding strength between the TiB2 particles and aluminum matrix is quite
weak, which leads to premature failure in applications. In addition, many methods are
more complicated and time-consuming compared to the in-situ process (Kumar et al.,
2016). By using in-situ method, fine and uniform-dispersed TiB2 particles can be
produced. The compatibility between the reinforced TiB2 particles and aluminum matrix
is better (Kumar et al., 2016). Due to the extreme clean interfaces after the in-situ
reaction, and the finer reinforcement particles, which can bring higher mechanical
properties of the whole composites, in-situ processing is getting more and more attention
when producing metal matrix composites reinforced by particles (Askarpour, Sadeghian,
& Reihanian, 2016).
There are many methods to accomplish the in-situ fabrication. One is plasma arc
melting process. This process can be accomplished by a commercial plasma transferred
arc (PTA) apparatus. Research has been carried out to investigate the differences of
microstructure and mechanical properties of TiB2 particles reinforced composites of this
method (Hirose, Hasegawa, & Kobayashi, 1997). Hirose et al. compared the unreinforced
composites with those reinforced with TiB2 particles. A huge enhancement of mechanical
strength was observed.
There is a kind of in-situ process called stir-casting. This method was inspired by
the thermodynamic nature of the salts-metal mixture . Ti powder, B powder, and an
aluminum matrix were prepared and preheated separately. Then the mixture was added to
the molten aluminum matrix by manual stirring and was held for a specific period for
chemical reactions (Tee, Lu, & Lai, 1999). The discussion about the mechanical
properties of the composites was covered in this research (Tee et al., 1999). A significant
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increase in tensile strength and yield strength was observed. However, a decrease in
ductility of the aluminum matrix was the price.
Another study about stir casting was carried out. By using mechanical stirring
instead of manual stirring (Chen et al., 2015). Chen et al. improved the stirring method
for the molten melt during in-situ process by applying a machine that can provide a fixed
stirring with a certain intensity and duration. As a result, this research found that this
process can get better distribution of TiB2 particles. Moreover, Chen et al. also observed
an enhancement of the mechanical properties of the composites compared to those
conventional methods. This research (Chen et al., 2015) also mentioned the specific
grain-refining mechanism of TiB2 particles. At the beginning stage of solidification, TiB2
particles can play a role as heterogeneous nucleation spots for aluminum grains. At the
later stage of solidification, the hard TiB2 particles can act as barriers against the growth
of aluminum grains, as reported by Chen et al..

Figure 2.2. A diagram shows the ultrasound assisted metal-salt reaction for producing
TiB2 particles (Liu et al., 2015)

Another unique technique was implemented by applying ultrasound to synthesize
the molten melt during the in-situ process (Liu et al., 2015). This research (Liu et al.,
2015) was designed to figure out the effect of the application of ultrasound on the
formation and distribution of TiB2 particles. A 10-min duration and 20 kHz frequency of
ultrasound application was made after the mixture was turned to melts. Finer TiB2
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particles following with an increase in mechanical properties were found, which promoted
the application of ultrasound in fabrication of composite materials. This research (Liu et
al., 2015) also pointed out a detailed explanation of the stability of TiB2 within the
aluminum matrix from the perspective of thermodynamics and kinetics through
calculation. The TiB2 phase holds the lowest free energy, so it is the most stable phase
existing in the Al − TiB2 composite materials, as reported by Liu et al.. A lot of theoretical
calculation and discussion has been covered concerning the influence of the ultrasound
application on the formation and distribution of TiB2 particles. Liu, Han, and Li also
applied ultrasound technique when fabricating the Al3Ti/Al composites. This research
found blocky Al3 Ti particles and their distribution was quite uniform. This research (Liu
et al., 2013) suggested a model called ’reaction-peeling’ to explain the formation of
blocky Al3Ti particles when applying ultrasound.
There was research that tried to obtain Al − TiB2 composite materials by
synthesizing the Ti, B, and aluminum powders by mechanical alloying and then
fabricating the mixture by a friction stir processing (Narimani, Lotfi, & Sadeghian, 2016).
The friction stir process was introduced by TOS FGU 32 milling machine. Higher
mechanical properties, including ductility, and a better distribution of TiB 2 particles were
observed in this research (Narimani et al., 2016).
Accumulative roll bonding (ARB) is a quite brand-new processing method to
accomplish the in-situ fabrication of Al − TiB2 composite materials (Askarpour et al.,
2016). This method was made by applying a certain amount of TiB2 powders into the Al
strips during a rolling process. Three kinds of processing conditions of the TiB2 particles
were compared in this research (as-received TiB2 , simple mixture of Al matrix and TiB 2,
and Al − TiB2 fabricated by ARB). Askarpour et al. concluded that synthesizing the
Al − TiB2 particles by applying accumulative roll bonding process obtains a more uniform
distribution of TiB2 particles and a better mechanical performance compared to other
conditions of combining TiB2 reinforcement particles with aluminum matrix.
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2.4 The Chemical Reaction in the In-Situ Process
The chemical reaction during the in-situ process has been explored and elaborated
(Wang et al., 1999). TiB2 ceramic particulates can be obtained via the chemical reaction
of aluminum melt, and K2TiF6 and KBF4 salt blend, which is shown in equation 2.1.
K 2 TiF 6 + 2KBF4 + 10/3Al = TiB2 + 4/3(3KF.AlF3) + 2AlF3

(2.1)

Wang et al. reported that during the chemical reaction, two intermetallic phases
(TiB2 and Al3Ti) can play a role as nucleation site for α-Al grains. Furthermore, a single
TiB2 phase can be produced by controlling the ratio of Ti/B. However, other possible
reactions can happen when there is excess boron or titanium.
K 2 TiF 6 + 4KBF4 + 19/3Al = TiB2 + AlB2 + 2(3KF.AlF3) + 10/3AlF3

(2.2)

2K 2TiF6 + 2KBF4 + 23/3Al = TiB2 + Al3Ti + 2(3KF.AlF3) + 8/3AlF3

(2.3)

Equation 2.2 and 2.3 can happen when the reactions are related to excess boron or
titanium, respectively. Microstructure analysis conducted in this research (Wang et al.,
1999) indicated that the plate-like Al3Ti phase existing in the center of α-Al grain and
smaller boride particles agglomerating along the α-Al grain boundaries, as shown in
Fig.2.3. It is because the Al3Ti phase is a more effective nucleation site for α-Al grains
compared with TiB2 phase. Hence, the α-Al grains would choose to nucleate at the Al3Ti
phase and then the smaller TiB2 particles can be pushed away by the liquid/solid interface
and end up with agglomerating along α-Al grain boundaries, as reported by Wang et al..
A research (Liu, Rakita, Wang, Xu, & Han, 2014) conducted a series of
experiments to find out the effect of Al3Ti particles in an aluminum matrix. This research
included both microstructure and mechanical analysis. Liu et al. fabricated the
Al3Ti/7075 alloy and found out the morphology of Al3Ti was rod-like and their length
and width were defined in the microstructure observation as well. This research Liu et al.
concluded that the addition of Al3Ti phase in the aluminum matrix can not only reinforce
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Figure 2.3. A SEM image of the Al − TiB2 composites (Dan et al., 2017)

the matrix but also be a nucleating position, which can lead to an enhancement in the
mechanical properties of Al3Ti/7075 alloy.
There is a study that investigates the detailed process of the formation of TiB2
particles (Suresh, Shenbag, & Moorthi, 2012). Suresh et al. elaborated a possible
explanation of the microstructure of Al − TiB2 composite materials. First, the Al3Ti
interphase forms, and then Ti and B atoms move towards Al3 Ti surface and react with
each other among the surface of Al3Ti phase and then TiB2 particles form. Next, the boron
atoms can diffuse within the TiB2 particles. Due to the fact that Al3Ti phase is easy to
dissolve, more TiB2 particles form.
The crystal structure of TiB2 unit cell is hexagonal (Abdel-Hamid et al., 1985).
This is a result of the lowest surface energy of the 0001 planes. In that way, the TiB2
particles with hexagonal structure can be stable. Figure 2.4 shows the typical crystal
structure of TiB2 unit cell (Abdel-Hamid et al., 1985).
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Figure 2.4. Unit cell of TiB2 (Abdel-Hamid et al., 1985).

As many research papers suggested (Arnberg et al., 1982b) (Fjellstedt et al.,
1999), there are several intermediary phases existing during the chemical reaction of
in-situ fabrication, including Al3Ti, AlB2, TiB2, AlB12, and (Ti, Al)B2. Fjellstedt et al.
reviewed many former studies about the relevant phases including AlB12, AlB2, and TiB2.
There are many debates concerning their coexistence and the dynamics mechanisms.
However, Fjellstedt et al. found that the solubility of Al in TiB2 particles and the solubility
of Ti in AlB2 particles can be rather low. Hence, the compound of (Al, Ti)B2 would be less
likely to exist due to the low solubility. Fjellstedt et al. also discovered that there is an
immiscibility between TiB2 and AlB2 when the Ti/B ratio is less than 0.5.
The existence of Al3Ti, AlB2, TiB2, and (Al, Ti)B2 and the relationship of them
have been discussed by Arnberg et al.. The intermediary phases of AlB2 and (Al, Ti)B2
would transform to TiB2 particles with a long holding time. Arnberg et al. also found that
during the formation process of TiB2 particles, the position of Al atoms was preordered
instead of randomly replacing the Ti atoms since they observed a superstructure in the
composite materials. Moreover, Arnberg et al. suggested that the Al3Ti phase can obtain a
preferred direction relationship with aluminum grains, which indicated that Al3Ti phase is
more likely to be the nucleation positions for the aluminum matrix when Al3Ti phase
exists. This article (Arnberg et al., 1982b) also elaborated that there are three different
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kinds of morphologies of Al3Ti phase existing: blocky, flaky, and petal-like. The blocky
Al3Ti can be ideal as a nucleation spot for aluminum grains and there is a special
nucleation mechanism that can explain such phenomenon, as reported in this research
(Arnberg et al., 1982b).
Another article investigated the effect of Al3Ti phase on the TiB2 particles (Wang
et al., 1999). With longer holding time, a more uniform distribution of TiB2 particles and
the reason behind it was indicated in this research (Wang et al., 1999). This is a result of
the segregation effect of coarse Al3Ti on the TiB2 particles among the area of aluminum
grain boundaries, as reported by Wang et al.. In that way, a more homogeneous
distribution of TiB2 particles around the aluminum grain boundary area was accomplished.
Wang, Jha, and Brydson investigated the effect of different reaction temperature and
holding time on the formation and distribution of Al3Ti phase in an aluminum matrix.

Figure 2.5. The crystal structure of Al and Al3Ti (Arnberg et al., 1982b) .

17
(Ti, Al)B2 solid solution is formed by the reaction between TiB2 particles and the
aluminum matrix (Wang & Han, 2015). Wang and Han found that reaction would happen
within Al3Ti layer to nucleate aluminum grains. However, the Al3Ti layers are very
dynamic and unstable, which would dissolve back into aluminum matrix. There is another
more specific study that explain more details about Al3Ti layers (Wang et al., 2015).
According to Wang et al., Al3Ti layer has a low crystal mismatch with the aluminum
grains and encourages the nucleation of aluminum grains. This research (Wang et al.,
2015) also observed the typical morphology of TiB2 particles. Fig. 2.6 shows a picture of
a standard TiB2 particle found in their results (Wang et al., 2015).

Figure 2.6. A typical TiB2 particle (Wang et al., 2015) .

However, there are still many details concerning this chemical process that need
more investigation (Fjellstedt & Jarfors, 2005). The grain-refining mechanism is still not
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clear enough. As this section has discussed earlier, the diffusion process of the boron
atoms within the TiB2 phase is not clear, either. Moreover, the segregation effect of the
Al3Ti phase also needs more experiments to support. If the rates of nucleation and the
mechanism of growth of TiB2 particles can be clarified better, more improvements of
Al-Ti-B composite materials can be accomplished.

2.5 The Probation of an Optimized Condition for the Fabrication of TiB2 Particles
From above, the in-situ processing should be the preferred method to use when
producing the Al − TiB2 composite materials. However, there are many independent
variables that can influence the formation and distribution of TiB2 particles during the
experiments. Therefore, the experimental parameters should be designed carefully to
obtain the TiB2 particles in order to improve the mechanical properties of the aluminum
matrix.
The independent experimental variables include different adding sequences of the
elements, the temperature of reaction, the holding time for the molten melt, the stirring
process, and so on. There is a research paper that provides a wide vision of those factors
that influence the Al − TiB2 composite materials (Jones & Pearson, 1976). Jones and
Pearson compared the effect of the addition of different alloying elements and the holding
time.
A complete study has been carried out to investigate the effects of the different
adding sequences of elements, the different relative amounts of elements, the holding
duration, the temperature of the reaction, and cooling rate on the microstructure of
Al-Ti-B materials (Arnberg et al., 1982a). Arnberg et al. also compared and found how to
obtain the different morphologies of an intermetallic phase – Al3Ti by controlling the
temperature. Three different adding sequences were designed, including adding KBF4 and
K2TiF6 salts at the same time, and only adding K2TiF6 at a specific temperature, and
adding KBF4 at first and then adding K2TiF6 salt after increasing the temperature. The
holding time ranges from 5min to 120min. This research (Arnberg et al., 1982a) obtained
52 different samples and conducted microstructure analysis. Flaky, blocky, and petal-like
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Al3Ti were found when the reaction temperature was changed. Blocky Al3Ti can perform
as a good grain-refiner after a short holding time but that effect fades quickly as well. On
the other hand, the other two morphologies of Al3Ti become more important in
grain-refining when the holding time is longer. This article(Arnberg et al., 1982a) helps
us to decide that adding K2TiF6 and KBF4 salts together obtains the best efficiency of
synthesizing, which makes the reaction among the salts and melt complete.
Sixty-minute holding time was found as the optimized condition to obtain fine
TiB2 particles and more uniform distribution of TiB2 particles (Birol, 2006). Moreover,
there is no necessity to investigate the influence of holding time less than 10 min of the
chemical reaction because there are barely reinforcement particles produced within such a
short period, as reported by Birol. With a short holding time, the clusters composed by
TiB2 particles agglomerate along the aluminum grain boundaries. Since the whole
chemical reaction is not completed with a comparatively short duration, there is a bulky
AlB2 phase existing in the composites and the TiB2 particles do not have enough time to
separate from each other. On the contrary, holding for up to sixty-minute can diminish the
harmful phases (AlB2 and Al3Ti) and the size of TiB2 particles can be finer. However, the
agglomerations still exist but very few in numbers. With ninety-minute holding time, the
distribution of TiB2 particles can be even better than sixty-minute, but the average size of
TiB2 particles is increasing. As a conclusion, the sixty-minute holding time should be the
best choice when producing Al-Ti-B composite materials by the in-situ process through
stir casting in this research (Birol, 2006).
Another study was conducted focusing on the influence of different temperature of
adding alloying elements on the properties of Al − TiB2 composite materials (Abdi,
Abdizade, & Moghaddam, 2009). This research concentrated on the effects of three
different adding temperatures (750◦C, 850◦C, and 950◦C) on the mechanical properties of
Al − TiB2 composite materials. During this research(Abdi et al., 2009), a uniform
dispersion of TiB2 particles was found in Al − TiB2 composite materials and the
mechanical properties of Al-Ti-B composites, including hardness, are better than those
aluminum alloys without the reinforcement of TiB 2 particles. Among the different adding
temperatures, 950◦C was found to be a better option due to the better results of different
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properties for Al − TiB2 composite materials. When the temperature is comparatively low,
the standard hexagonal TiB2 particles are replaced by many irregular ones. Moreover,
there are many unreacted AlB2 and Al3Ti phases stacking at the aluminum grain
boundaries of the Al − TiB2 composites, as reported in this research (Abdi et al., 2009).
This means that a low reacting temperature resulting in an incomplete reaction due to the
low reaction rate at low temperatures. According to Abdi et al., the existence of brittle
phase (Al3Ti) at low temperature is harmful to the mechanical properties, especially the
tension strength.
Liu, Han, Huang, and Xing also investigated the influence of different
temperatures on the TiB2 particles in an aluminum matrix. This research (Liu et al., 2016)
found that higher temperature resulting in more but larger size of TiB2 particles, while
lower temperature leads to fewer but smaller TiB2 particulates. In addition, the formation
mechanisms at different temperatures are also different, as reported in this research (Liu et
al., 2016).
Stirring can be a factor that affects the microstructure and mechanical properties of
the composite materials as well. Agrawal et al. investigated different stirring methods and
their corresponding influences on the formation and distribution of TiB2 particle in the
composites. There is a new method called rotary electro-magnetic stirring (EMS) to apply
mechanical stirring when producing the Al-Ti-B composite materials (Agrawal et al.,
2017). This method is effective in producing finer and better-distributed TiB2 particles and
therefore improving mechanical properties. If the condition of the laboratory allows, it is
better to apply mechanical stirring to obtain better performed Al − TiB2 composites
compared to manual stirring, which can lead to large sized agglomerations of TiB2
particles. The agglomerated TiB2 particles or non-uniform dispersion of TiB2 particles
can be harmful when it comes to mechanical properties since it can change the modulus of
specific direction of the composites.
In conclusion, the experimental parameters should be designed carefully and
wisely to obtain ideal TiB2 particles for the research.
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Figure 2.7. A diagram shows the experimental setup for EMS(Agrawal et al., 2017)

2.6 Scandium in Aluminum Alloys
Scandium is an important element to alloy with aluminum matrix, which has
attracted much attention recently. Scandium is also a light metal and it has a lot of
extraordinary qualities that make it an ideal candidate to combine with aluminum matrix
(Ahmad, 2003). Al-Sc alloy was in MIG 29 fighters due to their low density and high
strength, as reported by Ahmad.
Scandium-reinforced aluminum alloys have several outstanding advantages
compared to other aluminum alloys, as reported by Ahmad. The addition of scandium into
an aluminum matrix can improve the recrystallization temperature above the
heat-treatable temperature, which could inhibit the recrystallization of aluminum alloys.
In addition, adding scandium into aluminum can refine the aluminum grain size and
reduce hot cracking in welding (Ahmad, 2003). Scandium has a good ability to resist
corrosion, which make it possible to apply scandium-aluminum alloys in saltwater
(Ahmad, 2003). However, due to the comparatively high price and restricted resources,
the application of Scandium is few (Røyset & Ryum, 2005). My research is going to
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focus on the effects of scandium on the formation and distribution of in-situ TiB2 particles
in an aluminum matrix. Therefore, it is important to work on literature that focus on the
performance of scandium in aluminum alloys.
Røyset and Ryum (2005) carried out a detailed investigation on the effects of Sc in
aluminum alloys. This research (Røyset & Ryum, 2005) covered a huge range of
literature concerning the scandium in aluminum alloys. A wide variety of ternary and
higher orders phase diagrams were reported as well as the Al-Sc binary phase diagram.
Fig. 2.8 shows the first binary phase diagram (Røyset & Ryum, 2005).

Figure 2.8. A reported Al-Sc phase diagram (Murray, 1998).

The formation of the Al3Sc phase was studied as well as its corresponding
morphologies and precipitation mechanisms by Røyset and Ryum. There are different
Al3Sc phases existing in a binary Al-Sc alloys, including primary Al3Sc, eutectic Al3Sc,
discontinuous precipitation of Al3Sc, and continuous precipitation of Al3Sc. The
morphology of the primary Al3Sc phase is very dependable on the experimental
conditions, including temperature and cooling rate. For example, with a low cooling rate

23
(100 ◦C/s) and an overheating temperature of 300◦C, the morphology of primary Al3Sc is
cubic. For the eutectic Al3Sc phase, its morphologies are also decided by the melt
temperature. At a low temperature, a rod-like morphology of the eutectic Al3Sc phase was
observed. When the temperature is neither low nor high, there are discontinuous eutectic
Al3Sc phase. With high temperature, the morphology of eutectic Al3Sc turned into almost
spherical. Fig.2.9 shows the morphology of primary Al3Sc particles in Al-Sc alloys in
relationship to on overheating temperatures and cooling rates when solidification(Røyset
& Ryum, 2005).

Figure 2.9. Morphologies of primary Al3Ti particles in Al-Sc alloys (Røyset & Ryum,
2005)

The discontinuous precipitation of Al3Sc is said to be coarse and non-uniformly
distributed. Therefore, this Al3Sc phase is an undesired mode. On the contrary, the
continuous precipitation of Al3Sc phase is more desired due to the homogeneous
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dispersion and the morphology close to spherical. Al3Sc phase can perform as a grain
refiner when Sc is added into aluminum matrix. Apart from being grain refinement, Al3Sc
phase can also form dispersoid leading to precipitation hardening, which can result in the
enhancement of the mechanical properties of the alloys (Røyset & Ryum, 2005).

Figure 2.10. The atomic arrangement of Al3Sc phase(Røyset & Ryum, 2005) .

Røyset and Ryum also investigated the influence of other elements on the
precipitation of Al3Sc phase, including magnesium, copper, silicon, zinc, etc. Among
these elements, Zr has been proven to be beneficial in improving the precipitation of Al3Sc
phase even if the content of Sc was comparatively low. In addition, the existence of Al3Sc
phase can improve the self-corrosion resistance. This research (Røyset & Ryum, 2005)
also brought out the problem that the price of Sc is quite high and researchers cannot
afford to apply it into massive experiments. However, Røyset and Ryum indicated that the
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price of scandium would undergo a decrease in the future due to the fact that the need for
the application of Sc is fairly urgent.
Another investigation (Pramod, Rao, Murty, & Bakshi, 2015) on the effects of
adding Sc into A356 alloys was carried out. The addition of scandium can refine the
aluminum grains in A356 alloys. Better morphologies of silicon have been obtained by
changing its morphology from needle-like to spheroidal particle, which is another positive
effect of the addition of Sc. Pramod et al. also devised several experiments to figure out
the effect of holding time on the performance of scandium. It turned out that there is no
fading effect with time for the performance of scandium within A356 alloys. Pramod et al.
also concluded that adding scandium with TiB2 particles together into the alloys can
increase the hardness of A356 alloys.
Marquis and Seidman (2001) focus on the nanoscale structural evolution of Al3Sc
precipitates. The exact morphologies of Al3Sc have been observed by high-resolution
electron microscopies (HREM) for the first time (Marquis & Seidman, 2001). This
research (Marquis & Seidman, 2001) elaborated a lot of theoretical calculation of
thermodynamics and kinetics of the Al3Sc phase, which provided the evidence for a
ground theory of the morphologies of Al3Sc particles. A series of experiments (Marquis &
Seidman, 2001) has been carried out to determine the effects of different temperature and
degree of supersaturation on the nucleation of Al3Sc phases. Marquis and Seidman found
that with increasing temperature and decreasing supersaturation, the occurrence of
heterogeneous nucleation of Al3Sc precipitates was more. On the other hand, Marquis and
Seidman pointed out that the coarsening process of Al3Sc particles might be a crucial
stage to control the diffusion of scandium in aluminum alloys.
Venkateswarlu et al. (2004) conducted systematic experiments about the effect of
scandium on the mechanical properties of aluminum matrix, including tensile and wear
behaviors. Venkateswarlu et al. pointed out that the addition of scandium into aluminum
matrix can promote a better mechanical performance of the matrix, which agrees with the
former investigations that concluded that scandium can play a role of grain-refining when
alloying with aluminum. However, as Venkateswarlu et al. found in their research, there is
a limitation for this role, which is related to the content of scandium addition. The
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grain-refining effect would be observed only if the addition of scandium was higher than
0.4 wt.percent. Venkateswarlu et al. (2004) concluded that the grain-refining behavior of
scandium is corresponding with the various morphologies of Al3Sc precipitation.
The addition of scandium in aluminum matrix has been researched by many
scientists. The Al3Sc phases existing in Al-Sc alloys play an important role not only in
grain-refining but also in precipitation hardening (Røyset & Ryum, 2005). However,
research results about combining in-situ TiB2 particles and Sc in an aluminum matrix is
lacking.

2.7 Summary and Synthesis
This literature review started from the discussion of the importance of composite
materials, and then moved to the significance of the aluminum based metal matrix
composites (MMCs). The chemical reaction during the in-situ process when fabricating
the Al-Ti-B composite materials has been discussed by referencing publishing results.
The beneficial influence of the addition of scandium into aluminum matrix is also
mentioned in this literature review.
In conclusion, designing experiments concerning the combination of adding KBF4
and K2TiF6 salts blend and scandium into the aluminum matrix to fabricate a new
composite material is a promising way to obtain high performance aluminum MMCs.
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CHAPTER 3. RESEARCH METHODOLOGY

3.1 Introduction
The purpose of my research is to investigate the effect of Sc on the formation and
distribution of in-situ TiB2 particles in an aluminum matrix. To complete this research,
full-scale microstructure observation and analysis are necessary. The advantage for using
microstructure analysis is to obtain a more precise observation and comparison of in-situ
TiB2 particles.

3.2 Research Approaches and Hypotheses
The method used in this research is devised to obtain a distinct comparison and
analysis for the microstructures of all the Al − TiB 2 composite samples. Therefore, the
approach for this study is quantitative. This research is focused on the size and
distribution of TiB2 particles when microstructure observation and analysis is conducted.
The result for this research is quantitative as well. The detailed information about all the
Al − TiB2 composite samples and data analysis will be covered in the following sections
of this chapter.
There are two hypotheses that we are testing to obtain the quantitative results of
this research:
1. The addition of scandium can change the average size of in-situ TiB2 particles in an
aluminum matrix.
2. The addition of scandium can change the distribution of in-situ TiB2 particles in an
aluminum matrix.
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Table 3.1. Samples, Composites, Adding process, and Holding time
Addition amount of Sc (wt.%)
Composites Sample No.
Holding time
Before reaction After reaction
1
–
–
15min
Al-TiB2
2
–
–
60min
3
0.2
–
15min
4
0.2
–
60min
5
–
0.2
15min
Al-TiB2-Sc
6
–
0.2
60min
7
0.1
0.1
15min
8
0.1
0.1
60min

3.3 Data Collection
Experiments were designed to produce in-situ TiB2 particle reinforced aluminum
matrix composites with the participant of scandium addition in different stages. All of the
data in this research is from the Al − TiB2 composite samples produced by following the
experimental process. The data about the size and distribution of in-situ TiB2 particles is
obtained by microstructure observation and further analysis.

3.4 Sample Preparation and Used Instruments
A series of in-situ TiB2 particle reinforced aluminum metal matrix composites
(MMCs) were fabricated with the modification of Sc addition. Pure aluminum (99.99 %
purity) was placed in a graphite crucible and melted inside an electrical resistant furnace.
K2TiF6 and KBF4 salts were used to introduce alloying elements Ti, and B. Sc was
deployed as an Al-2w.t. pct.Sc master alloy. Al − TiB2 − Sc alloys with 5 w.t. pct. TiB2
particles and 0.2 w.t. pct. Sc were designed.
As listed in table 3.1, the Al-Sc master alloy was added in under three different
sequences to evaluate the effects of Sc addition at different stages of the reactions between
the salts and the aluminum melt. When adding the salts and the Al-Sc master alloy,
manual stirring was applied to avoid possible aggregation of involved reaction products.
The reaction temperature was set to 820◦C when the raw materials were melted and
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Figure 3.1. A picture of the furnace I used for the casting process

alloying elements were added by using the furnace shown in Fig. 3.1. Holding times for
the chemical reaction were set at fifteen-minutes and sixty-minutes to study their effect on
the reaction products. It was found that sixty-minute holding time can bring better
distributed TiB2 particles by microstructure analysis, whereas a holding time longer than
sixty-minutes might not be suitable, as reported by Birol. In addition, the basic reaction
cannot be completed within 10 min (Birol, 2011). A pouring temperature was chosen as
720 ◦C and the melt was poured into a steel mold and cooled down to room temperature.
After casting, the ingots were sectioned, ground, polished, and etched as per
metallurgical sample preparation for scanning electron microscopy (SEM). Fig. 3.2 shows
the polishing machine that was used during the sample preparation. The SEM images
were taken using an FEI 3D Quanta Dual Beam SEM. Secondary electron observation
was performed on deep-etching samples that were prepared by submerging the samples
into a solution that consists of 250ml methanol, 10 g iodine, and 25g tartaric for
50-60min, and soaking the samples in acetone until the solvent is clear. The etched
samples were then rinsed by acetone and dried up for SEM examination.
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Figure 3.2. Schematic diagram of the experimental set-up for the in-situ fabrication of
Al − TiB2 composites (Chen et al., 2015)

3.5 Threats to Validity
The basic procedure for producing the Al − TiB2 composite samples has been
duplicated many times by previous research. However, there are many variables during
the casting and etching, including the reactions and pouring temperatures, the duration of
reactions, the amount of weight of the reactants, how long the samples should be etched,
etc. Any amount of deviation for variables can lead to changes of products, which can be a
threat to the validity of this research.
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Figure 3.3. A brief flow chart of experimental process.

3.6 Data Analysis
The analysis and discussion of this research are to make comparison of the
micro-structure of all the samples, which can also accomplish the corroboration of the
hypotheses. The analysis is made by comparing those Scanning Electron Microscope
(SEM) images. The size and distribution of in-situ TiB2 particles are observable if suitable
areas and scales are chosen when capturing the images.
There is a specific scale for each picture. Therefore, we can obtain the average size
of the in-situ TiB2 particles by measuring the sizes from the images. The TiB2 particles
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mainly disperse along the α-Al grain boundaries while the Al3Ti particulates exist in the
center of the α-Al grains. These are the places we should focus on when analyzing the
distribution in microstructure analysis.
The results show that the average size and distribution of in-situ TiB2 particles can
be compared and the hypotheses can be testified.

3.7 Summary
This chapter has covered the methodology used for this research. The specific
information of samples, the detailed experimental procedures, how we get the results, and
how to analyze the results have been provided as well.
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CHAPTER 4. RESULTS

4.1 Introduction
This chapter provides results from experiments followed by discussions. An
experiment of producing in-situ TiB2 particles with the addition of scandium in an
aluminum matrix has been accomplished for this research. Microstructure observation has
been made to collect the data of the size and distribution of in-situ TiB2 particles in order
to compare and then reach conclusions.

Figure 4.1. Sample 1: No Addition of Sc in the metal-salt reaction, holding for 15min

34
4.2 Results
The overall dispersion of the in-situ particles in the aluminum matrix is presented
in Figs. 4.1-4.8, the back-scattered electron images (BEI) of the eight samples in Table 1
under a SEM. These images are featured as the clusters of diboride particle along the
aluminum grain boundaries, in accordance with the typical dispersion of the diboride
particles in Al-Ti-B alloys (Wang et al., 1999) (Ramesh, Pramod, & Keshavamurthy,
2011) (Fjellstedt et al., 1999) (Wang et al., 2015). Accordingly, the distribution of the
diboride particles can be explained by the pushing effects of the solid front of the -Al
grains during solidification (Guzowski, Sigworth, & Sentner, 1987) (Wang, Song, Vian,
Ma, & Han, 2016) (Wang & Han, 2015) (Wood, Davies, & Kellie, 1993) (Arnberg et al.,
1982a) (Quested, 2004).

Figure 4.2. Sample 2: No addition of Sc in the metal-salt reaction, holding for 60min
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Figs.4.1 and 4.2 are the micrographs of the in-situ Al − TiB2 composites produced
without the addition of Sc for holding times of 15 and 60 min. (i.e. Samples 1 and 2),
respectively. TiB2 particles agglomerate along the α-Al grain boundaries under these
conditions.

Figure 4.3. Sample 3: Add Sc before the metal-salt reaction, holding for 15min

Figs. 4.3 and 4.4 show the micrographs of Samples 3 and 4, in which Sc was
participating in the metal-salt reactions for holding times of 15 and 60 min. It can be found
from Fig. 4.3 that the TiB2 particles at the α-Al grain boundaries tend to agglomerate into
layers at the α-Al grain boundaries. This indicates that the participation of Sc in the
metal-salt reactions results in a different way of agglomeration of the TiB2 particles along
the α-Al grain boundaries different from the one without Sc addition in Fig. 4.1.
Figs. 4.5 and 4.6 show the BEIs of Samples 5 and 6, which have Sc added after the
metal-salt reactions for the holding times of 15 and 60 min., respectively. By comparing
Figs. 4.2 to 4.6 (Samples 2 and 6) with the same holding time but under different Sc
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Figure 4.4. Sample 4: Add Sc before the metal-salt reaction, holding for 60min

addition conditions, it is clear that the TiB2 particles dispersed more uniformly in Fig. 4.6
than in Fig. 4.2, though the particles still agglomerated along the α-Al grain boundaries.
These results suggest that the addition of Sc after the metal-salt reactions promotes the
dispersion of TiB2 particles though still along the α-Al grain boundaries comparing with
the dispersion of TiB2 particles when Sc was participating in the metal-salt reactions.
Figs. 4.7 and 4.8 present the BSIs of Samples 7 and 8, with the addition of Sc both
before and after the metal-salt reactions for holding times of 15 and 60 min., respectively.
It is evidence that the TiB2 particles distributed more uniformly in Fig. 4.8 (Sample 8)
compared to Fig. 4.2 (Sample 2).
In brief, the addition of Sc influences the dispersion of the in-situ TiB2 particles.
To be specific, the participation of Sc in the metal-salt reactions causes a layer-like
agglomeration of the TiB2 particles along the α-Al grain boundaries. While the addition
of Sc after the reactions (without the participation of Sc in the metal-salt reactions)
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Figure 4.5. Sample 5: Add Sc after the metal-salt reaction, holding for 15min

alleviates the TiB2 agglomeration at the grain boundaries and promotes a uniform particle
distribution.
Figs. 4.9-4.16 are the secondary electron images (SEI) of deep-etched Samples
1-8, showing the overall morphologies of the in-situ TiB2 particles at the Al grain
boundaries. Hexagonal TiB2 particles in the Al − TiB2 composites are revealed in all
samples, in agreement with reported findings (Maxwell & Hellawell, 1975b) (Maxwell &
Hellawell, 1975a) (Abdel-Hamid et al., 1985) (Liu et al., 2015). The growth of the
in-situ TiB2 particles in the absence of Sc with respect to holding time is not clear by
comparing Figs. 4.9 to 4.10.
In Fig. 4.9, most of the individual TiB2 particles are blocky in sub-micrometer
sizes and only a small number of the TiB2 particles have grown into sizes near 2 µm,
similar to the TiB2 particles in Fig. 4.10. The result indicates that the effects of the holding
time on the growth of the TiB2 particles are limited in the absence of Sc. In comparison,
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Figure 4.6. Sample 6: Add Sc after the metal-salt reaction, holding for 60min

Sc addition resulted in the growth of the in-situ TiB2 particles in different ways depending
on the sequence of the addition of Sc and, therefore, its participation in the formation of
the TiB2 particles at different stages, which is to be discussed in the following paragraphs.
The participation of Sc in the metal-salt reactions resulted in the growth of the
TiB2 particles for both holding times of 15 min. and 60 min., which is clear by comparing
Figs. 4.11 and 4.12 to Figs. 4.9 and 4.10, respectively. Sc promotes the growth of TiB2
plates through fusion at a short holding time (15 min.) and individual plates at a longer
holding time (60 min.). The effects of holding time on the morphologies of the in-situ
TiB2 particles are clear by comparing Figs. 4.11 to 4.12. A longer holding time of 60 min.
resulted in the growth of the TiB2 particles into about 5 µm in size in Fig. 4.12 from about
2 µm in Fig. 4.11. No obvious growth of the hexagonal TiB2 plates was observed with the
increase of holding time, resulting in plates with a larger aspect ratio. These results
suggest that the participation of Sc in the metal-salt reactions promotes preferentially the
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Figure 4.7. Sample 7: Add Sc both before and after the metal-salt reaction, holding for
15min

growth of the 0001 planes of the TiB2 particles in such way that it restricts the growth in
the [0001] direction comparatively (Arnberg et al., 1982b).
When Sc was added after the metal-salt reactions, TiB2 particles tend to grow
together by 0001 planes at a short holding time (15 min.), which is clear in the insert in
Fig. 4.13. It can be attributed to that Sc modifies the 0001 planes of the TiB2 particles
(Arnberg et al., 1982b). The growth of the TiB2 particles has reached a completion after
60 min., evidenced by the perfect hexagonal shape of the particles in Fig. 4.14. The
growth of TiB2 particles is affected largely by the addition sequence of Sc, i.e. the
participation in metal-salt reactions or modification of the particle surfaces. From Fig.
4.13 (Sample 5), it can be found that a large amount of TiB2 particles tend to grow up with
a blocky morphology with a 15 min. holding time. When the holding time increased to 60
min., the TiB2 particles coarsened to the size of several micrometers and remained a
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Figure 4.8. Sample 8: Add Sc both before and after the metal-salt reaction, holding for
60min

blocky morphology. Therefore, it can be proposed that when adding Sc after the metal-salt
reactions (without Sc participating in metal-salt reactions), Sc promotes the growth of the
TiB2 particles in all crystal directions.
The effects of adding Sc half amount before and the rest half after the metal-salt
reactions resulted in TiB2 particles in different sizes, which may grow after a longer
holding time, as shown in Figs. 4.15 and 4.16. Fig. 4.15 shows only a portion of the TiB2
particles have grown up to disks about 5 µm, meanwhile the rest are in smaller sizes
agglomerated together. A longer holding time (60 min.) promoted the growth of the
smaller particles as shown in Fig. 4.16.
Fig. 4.17 shows a magnified secondary electron image of deep-etched sample 4
with an X-ray energy dispersive spectrum (EDS) of a typical TiB2 particle from point 1 in
the image. EDS from other four locations are similar to Fig. 4.18. Scandium was detected
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Figure 4.9. Sample 1: No addition of Sc in the metal-salt reaction, holding for 15min

in all of the five particles. The EDS analysis validates the participation of scandium in the
coarsening of the in-situ TiB2 particles. However, a detailed mechanism about the
influence of the scandium during the reaction is still not clear and that requires further
investigation.
Fig. 4.19 is a high magnification secondary electron image (SEI) of sample 5,
which produced by adding scandium after the metal-salt reactions. Two main coarsening
mechanisms of the in-situ TiB2 particles can be found. As illustrated by arrows in the
figure, TiB2 particles grew in a layer-by-layer manner along the axis of the hexagonal
disks. The particles may grow into a rod-like shape(arrow 1 in Fig. 4.19 and Fig. 4.20) or
a terrace-like blocky shape (arrow 2 in Fig. 4.19 and Fig. 4.21). By comparing Fig. 4.19
(sample 5) and Fig. 4.3 (sample 3), the coarsening mechanism is not applicable to sample
3, which was produced by adding scandium before the metal-salt reactions. In other
words, the participation of scandium in the metal-salt reaction does not result in
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Figure 4.10. Sample 2: No addition of Sc in the metal-salt reaction, holding for 60min

coarsening of the TiB2 particles. The coarsening of the TiB2 particles is a direct effect of
the modification of the surfaces of the TiB2 particles by the addition of scandium after
their formation. Due to the high stability of TiB2 particles in an aluminum melt (Wang et
al., 2015), the Ostwald ripening process is unlikely to happen. Therefore, it can be sure
that it is the effect of scandium which modifies the surfaces of TiB2 particles and
promotes the coarsening of the particles through a stacking process.

4.3 Summary
In this chapter, the results from the microstructure observation have been listed
and discussed. The influence of the addition of scandium at the different stages in the
metal-salt chemical reaction can be concluded as: when the addition of scandium was
made before the metal-salt reaction, petal-like TiB2 particles can be produced while
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Figure 4.11. Sample 3: Add Sc before the metal-salt reaction, holding for 15min

different morphology of TiB2 particles can be found when the participant of scandium was
after the metal-salt reaction.
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Figure 4.12. Sample 4: Add Sc before the metal-salt reaction, holding for 60min
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Figure 4.13. Sample 5: Add Sc after the metal-salt reaction, holding for 15min
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Figure 4.14. Sample 6: Add Sc after the metal-salt reaction, holding for 60min
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Figure 4.15. Sample 7: Add Sc both before and after the metal-salt reaction, holding for
15min
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Figure 4.16. Sample 8: Add Sc both before and after the metal-salt reaction, holding for
60min

Figure 4.17. A magnified secondary electron image of deep-etched sample 4
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Figure 4.18. The EDS spectrum at point 1 in sample 4

Figure 4.19. A high magnified secondary electron image of deep-etched sample 5
showing coarse TiB2 particles
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Figure 4.20. A schematic drawing of the coarsening mechanism

Figure 4.21. A schematic drawing of the coarsening mechanism
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CHAPTER 5. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

5.1 Introduction
This chapter will cover the conclusions and future plans of this research.

5.2 Summary and Conclusions
In-situ TiB2 particles were produced successfully in an aluminum matrix by the
reactions of aluminum and a mixture of K2TiF6 and KBF4 salts with the addition of Sc at
different stages of the reactions. TiB2 particles agglomerated along the α-Al grain
boundaries in all Al − TiB2 − Sc composites and the distribution and growth of the TiB2
particles were influenced by the presence of Sc in or after the metal-salt reactions.
The addition of Sc resulted in the coarsening of TiB2 particles, regardless of the
participation of the Sc in the metal-salt reactions. The participation of Sc in the metal-salt
reactions resulted in the formation of petal-like particles, meanwhile, the addition of Sc
after the metal-salt reactions led to the formation of coarse TiB2 terraces bonded by the
big surfaces of the individual TiB2 disks.
Scandium also plays a role in restricting the growth of the TiB2 crystals in the
[0001] direction, but promoting the growth of the 0001 planes when participated in the
metal-salt reactions. In contrast, the TiB2 particles are blocky terraces, when the addition
of Sc was made after the metal-salt reactions. The addition of scandium after the
metal-salt reaction can bring more uniform distribution of in-situ TiB2 particles.
Longer holding time has been proven to be effective to promote the growth and the
distribution of in-situ TiB2 particles. However, the absence of scandium can impair such
effect. EDS analysis validated the existence of Sc in coarse TiB2 particles, evidence of an
active role of Sc in the formation of the in-situ TiB2 particles.
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5.3 Recommendations
The design of this research is not very complete. More comprehensive
experimentation should be carried out to fulfill the analysis of the properties of this new
Al − TiB2 − Sc composite. Especially, the mechanical properties should be the priority of
the next step of the future plan of this research. Typically, hardness, yield strength, and
ultimate tensile strength are the common choices when applying mechanical analysis.
There are many other analysis and improvements that needed to be done before this
technology can be put into application. More precise conclusions can be made after more
experimentation has been accomplished. However, there is no end on the road of finding a
truth.
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